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. , ROTI SECURITY INFORmALLOH
EFFECT OF NONCONDUCTING INCLUSIONS ON THE ELECTRICAL OONDUCTIVITY OF AN ELECTROLITE
V.P.Mashovets, All-Uaicm Alumizum-Hagaeoium Institute

T imdustrial electrelyeis the elactrolyte oftea contains nomconducting
inclusions = solid suspended raterial or, still more frequently, tubbles of gas,

Such imclusions lower the condwctivity of the electrolyte, Even the presceace of
conducting imclusions, aﬁMutnuT'buil.olel of carbos im a molten electrelyte,
lowers comductivity, because polaritetion phexomens nake impossible the passage of
ourrent through these imolveinns.

The degree of the lowerimg of mdnetm ‘oas mob depend on the degres of
£111ing only, bus alse on the shape and position Qt the inclusioms, If the imclusions
have the shape of cylinders the axes of which ave 1de in the direction of the cwrremt,
the reduction of the conducting crossscection will be equal to the relative filling
of the volume, The relative conductivity of such a system will be

} L ) .

N e e

where ' is the relative conductivity of the pure electrolyte, the relative

conductivity of the electrolyte containing the inclusions, and p the relative fill=

ing [Eackiqﬂ?, which is equal to the volume of inclusions per unit of the total

volume.
Already in 1892 Rayleigh [flJ? derived mathematical eﬁpressiona for the elec~
¢ either inclusions having the

on of the field

trical conductivity of heterogenous systems containin
ghape of cylinders with axes disposed perpendicularly to the directi
or spherically shaped inclusions.

Later Runge ["2;7 repeated the same caleulations and after introducing some

correstions arrived at the expression
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| pen cphericel imclusions, where co . 4s the 'ﬁiéﬁﬁ%’oﬁd‘iﬁw of the inclusions
; ; (cpecific conductivity of the medivm s 1), while K, and p have the Game meaning a8

i in (1)
_ ‘ ) In the case of

w'nouoldum.u inclusions ( «  ® 0), equations (2) end (3) become

™ ’ i et
| bR (28)

BRI (30)

while with low relative degrees of fillimg (vhemp ~= 2 and the higher powers of p are

- neglected) we have

S ()

Maxwell /3/derived another expression for a heterogencus pysten with spherical

In the case of nonconducting imclusiocas, Maxwell's equation bacomes identicsl

imclusions.

witk (3b).
cylinders having axes that ere

The formula for the case of filling with
cked by us with the aid of 8

perpendiculor to the directiom of the currext has beem che

ng welles
graphical coup;uetin of the field experimentally.
Let us acsume that the cylinders are arranged hox:gﬂg_nm, ag shosm in Figure 1.

e Ve. shall deduFivR- i{ndlcate the distamce betweem the cylinders/by saylag
cylimders and m the factor. The elementary cells of

Lhat & = nr, where
the field are

r 18 the radius of the
s pldes of the

IT, and 11 (cf Figure 1), vhick aioger only ia oriswtation. T

rectangles I,
ad b= 8 V3 =0.866ur . The relative Fi1Ling of the

ceuma-o.sd-O.Su

volume is
I o 5 e 3. 675
2 = [ S eamm—————
‘ ol Ak (L)
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¢ the cyliaders touek each ot.m (l . ‘z‘). "t’.he conductivity of the
gyotem 18 K¢ * 0, waile according to (), p = 0.909.

The graphieal comgtruction of the field 19 simplest when the direction
of the field is along the cide o or cide ® of the elementary cell. An example of the
conptruction of the £ield by the method of curvelineas squores in vhen @%2,2 r is showa
in Figure 2. The aunber of foroe tubes © moy e get arbm'u'nv. depending on practisel
convenienee (im Fig. 2,8%4).

Let us designate the comductivity of t.ho elementary section in the absence
of imnclusions snd in the cose of & waiforn field with K and the corresponding conductivity

St

in the presence of imelusions with x o and then calculate the relative cmhom

Ko

K, =
¢
%

absenee
Them, in the prosense of imclusions, we have

Ne L (s)

(because acoording to Fig. 1, r=a 7_ 3) vhere - 18 the specifis comductivity of the

electrolyte; and in the presence of imclusions

2
~2.

SRS (©

vhere 1 18 the strength of the currant pasas.n; through ome tube, U the drop of potel'oia.l
~ _\
between tvo aguipe iaopountinl 1ines, and w.%p\\e nunber of Lsopotent&al 1imes alomg the

uating them
length of the elementary cell determimed by n-ohmh-omb ju Figure 2. Im equation %),

VN )

vhere . 8 18 the width of the ¥ foree tube and A1 the distenmce petween Lscpotential 1ines.
But according to the conditions of uu comstruction of the field (curvelimear squares),
s AL Tharefore, aube'oitntm (7) imto (6), we get

-
e

\\‘\C - “\::f
« (8)
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ané finally cotain
»;1' ' h (‘."l v (9)

In additicn to Uhe f1e1d of the cell withd= 2.2, W also comstructed
tields for cells withd=25734° 3pjand d = § r, In the case of = 37, fielis
were comptructed for the flow of currest along side b (Figure 3) as well a8 well as 2loRg
side a (Figure L), In viewof the fact that O is asojne cymuetsy point in figures 2, &
and i, we have drava only & part of the elementary cell :: figures 3 and b,

Witk the direction of the current along/ side 8, the conductivity i the
absense of inolusions will ]

N, o (55)

and corpespondingiy-- aceordingly

" C. \— 4 ' -«‘N;l. " ‘. (9.)

Subsequently

mt)(n experinental usasurements of the 1owering of conductivity on

£illing vith nongonducting cylinders were carried out . For this purpose, £1at cells

20 om whie 10Rg and 11-12 on wide were ipstalled, Copper slectrodes gerved as end valls

(sc that the distance between the electrodes was 20 cm), while the gide walls were

nonconducting. In the middle part of the oell, & parrier composed of s rovs of vertical

glazs oylinders naving 8 dlemeter of 1.4 om was mounted, These cylinders were arranged

aceording to the yexagonel systen

noxagefaily (3, ey 28 showa in Figure 1) the orientation of the barrier sorresponsed

)
to a eirection of the flow of current along gide » of the elementary cell I (ef. Fig. 1)
The ustmces/\beweel the cylinder oxes vere-apouned wers adjusted 8t 2.2 %

2.8%, 3r, and L r., The total width of the barrier wes accordingly varied petween
containing

8.l and 8.6 om. Tha cell woB £111ed up to the helght of 1 ca with @ solution GOIPAIQ‘

180 g/1 of msoh.snzo, 20 g/L of Hy80) and 50 g/1 of’ pltohol, Them , WY paseing 8 50

wh current Lurough the cell and using an electrolytis switeh, the potential drop Nabe

along the field wae massured outelde of the barrier and inside 1t, The measurements ghowed

that & honoze%nou field is distorted noticesbly only 1a the inmsdiate vicinity of the

- of ome cylinder radius
warrier, Aﬁroxinahely Lhrough 8 distance onvwnﬂu- {rom the fromt sdge of the
oyke first Yov of cylinders «rnmn&ing-h—ou-oymuv-nuu.

&S\
Knowing the po'oenbi.al gradient ...I% oubside of the parpier and the drop
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of potentdal inside the barrier per unit of ita breadth Lé"". wo find Shote the
relative comductivity im the presense of nonconducting mmum to | ]
! 'J’Iw ME; )

23) (10)
In Table 1, ned
fhe values of K. -nli mpuum are listed side-wy-side with
those found experimentally. Beth sories of values agree perfectly. Furthermore, it 18
of interest that with em equal dogree of £111ing (p = 0.403), but whoh, different
erientations of the field perpendicular o cach other, the relative conductivity
remains the some.

The effect of spherical inclusions wu investigated by the experimental
method only, because it is L efloudt J?:tﬂ:\:u MW three-umnsi.an:; ﬁ::ﬁ
The cu'nh-oeuhedrjo arpangenent of spheres (Figure ) was assumed a3 the Wasic varistion.
In this arrangement, the vertical distance between the centers of spherss in two layers
amounts to H= d ZE; .0,816d, When H> 2r (orn>-2 .45, because denr), the
layer Wetwsen the plane passing through the centers of the spheres of one laysy and ths
plans at a distance of 0,5H obove it may be regardsd as the elamantary layer. Such
barriers were constructed in & £1at cell similar to the one descrived avove by gimoing-
cementing to the<bes bottom of the cell four rows of ebonite hamispheres ¢me
(+#0.7 cm) with values of dslr, 3r, and 2,57 and submergence 1n electrolyte solution
poured in up to & depth of 0.5H.

Barriers with a higher degree of filling were constructed from glass
sphares in contast with each other (under applieation, if necessary, of ebonites halfs
and quorters of spheres). Four different arrangements wers used:

. a) cubiemoctahedral arrengment as shown in Fugure 5 for de2r;

») cuble-octahedral arrangement as showa in Figure 6 for d=2r (thin arrangement is the
sans ass{a) 38 in case 8, bub differs from 1t in orientatioms bie model hss esn turnsd
through 120°)3
e) hexagonal arrangement, 2s shown in Figure T;

e ) oetnhed.ral arpangement as shown in Figure g, ' e s st e et

In varistions a and b, the varrier was built up to 8 neight of 3 layers of ap\\eru;

in variations ¢ and d, ons layer of spheres was used and ths slactrolyte solution
£4{11ed in to & depth of Hed=2r, On ?h:;:;:ng‘tu potential gradient outside end inslde
of the arrier, the relstive conductivity K was caloulated acoording to (10), The
regults ars okbed listed in Tawle 2. The £1ra'a two lines of the tawls skow that with

an aqual degres of filling the condustivity doss not depend on the orientation.
In Figure §, curve I corrasponds to Rayleigh's squation (2a), whils curve II
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correcponds to the came curve fer spherical Lm:l.ual.oné (;b)- The Yaluod ohtalned by

us for cylindrical inclusions (acterisks imdbesste-thede~valmes denote both experimentally

22:&!-6 and graphically determined values for cylindrical inelucions) as well as

spherical inclusions (values shown by clroles )} up to degrees of filling of the order

p*0.L 1ie near to Rayleigh's first ourve (2a). For any arrangement of the opheres , i. e.

foubiemoctakedral, kexagonal, m? omhadrul Eody-untend cube, w;;ﬁr‘wl, and face
centered cube?/ , and for all degrees of polm up to the donﬂont/(plO.?hOS), the

experimental valusg are im good agreement with the empyrical equation .

K, «la1.6p +p°

In the case of
Fo» aylindrical inclusions the experimental values for degrees of pasking filling

? 0.4 are in sufficlent agreepent fer all technical purposes b:::lg:h Raleights
firat equation (2a) and owr equation (11). At higher degrees of pacjlingeey cylindrieal
inclusions produse the pecullar curve IV,

Pfloidarer /I/ gives an experisentally determimad curve 4f for the increase
of the resistanes of an eleeg?ﬂr‘ as related to the degree-of anmount of gas whieh is
present, up to & degrees of pasking p*0. ¥, Tids cwrve, recsloulated for condustivity,
i3 shown in Mgure 9 (curve V). For low degrees of filling, this curve is in pretty

good agreement with R‘huh'a second equation (3a), but at kigher degreea of filling

(1)

it approaches our equation (11). This d.vel ul reasons to welisve that equation (11)
may be assumed to have universal nlidif.r/w.l.t.h 2 sufficient dagres of precision for
81l technical purposes, Baquation (11) applies for diverss arrangements of the inclusionn,
inoluding a disordered otats. In the came of spherieal inclusions of uniforn diameter,
this equation is valld up to dense packing, 1. e. p=0.7L05 ,

Acoording to bhe dats shiaiwedsby published by Baymakov [Bj,th prasence ofe
Sf-on-20% h’cryolita « aluminum oxide melt of 5% or 10% of dispersed carion raises
the specifie resistance of the melt wy 27 and LOF respactively. Assuming tha spacifis
gravity of the carbom to be 1.5 and that of the melt to We 2,05, and changing from

resistivity to conductivity, we obtain the two points ghown in Figure 9 undexr letter C.
Thoge points agree neither with our data or Pfleiderer's curve, and least of all with
Raied Rayleigh's squation for sphariesl inclusions, S

Conclusions.
1) The effect of cylindricnlly and sphericully shaped ilnclusions on tis
elactrionl conductivity of an slsctrolyts was investigated, gu the case of cylindrieally
skapad inclusioss, the investigation was carried out not only wy experimental

meagurenants, wut also vy constructing tis fisld grapuleally,
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CONIE
2) An empyrical formula for caleulating the relative conductance
nas been advanosd, This fermula can be uced for spherical inclusions with any
degree of filling of the volume and for cylindrieal inclwsions up to degrees of
£411ing not exceeding O,k of the total volume
3) «A=oompariven-ef The results ovtained were compared with the
theoretioally derived formilas of Rayleigh ac well as some publinhed experimental data.
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Mgure 1. A Tield With Cylindrical Inclusions.

1, II, III = elementary ocells of the field with axes of cylinders perpendicular
%o the direction of the field; s andd = sides of the celly »r = radius of
{nolusions; d = distance »etween the axes of cylinders.

Pigure 2. The Feld of the Elementary Cell Wnen d = 2.2 T
The direction of tha current is along side ¥,
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Mgue 3. The Field of the Elementary Cell When d = 2.
The &irection of the current is along gide ¥,
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Figure L. Fleld of ¢
The direction of the current is along sids a.
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Figure 5. Cubie=Octahedral Arrangement of Spheres.

Figure 6. Cubic=Octahedral Arrangement of Spheras With a Different Orientation.
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Fpure 7. Hexagonal Arrangement. of Sphares.

Figure 8. Octahedral Arrangement of Sphares.
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Relative conéuctance. Xc
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e demimmen s s m e s
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0 0

Degree of filling. ».

Figure 9. Dependance of Conductange on the Degree of Filling Witk Nonconducting
Inclusions. I = curve corresponding to Rayleigh's equation for cylindrical inclusions
(2a); II = to Rayleigh's equation for sphericel inclusions (3a); i:gi ; ;zcﬁz author's
empyrical formuls«2ls oIV « %o the author's experimental data for sphephesh inclusions;
V = £§ Pflelderer's experimental ourvej A = suthor's dats for cylindrical incluslons,
obtained experimsntally and by the graphic methed; B = author's dats for sphericsl

inclusions, obtained experimentally; C = Baymakov's data .
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A the Cass
iat ¥ and ntally im
1 Comparison of Valuss of Relative Conductandss Found Graphically Experime
T asle 1.

of Cylindrical Inclusions

nstruction
Degree of Direction of tae field Grapkie o e
e e ok
axes of rine
farce tobes W
= set u“”l 'ﬁ ‘ . .
, - 0.900 -
. 1k
2 0.908 Assitrary P on 19.0 o 0-1k3 e 2
2.2r 0.750 the side ® l L 26.3 0.263 0.269 e 3
2.5¢ 0.582 P e 2h.3 0.126 0.k33
LN
Ir 0.h03 w2 - rgh
1.0 0.
0.ho3 Along the side 2 8 - 0.640
> 0.221 -t i . 7 0.758 -
- -11.5 - ¢ >
or 0.
VE
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Table 2. dehhﬁnmmhmhd&thmdmﬂwmdﬁmﬂ

Spherical Inclusions.

No Arrangement of spkeres centors of spkeres filling » e

8 Cubic-octakedral (Fig 5) 2r 0.7405 0.226
9 bl " (Fig 6) 2r 0.7h05 0.226
10 Bexagonal (Fig 7) 2r 0.6046 0.297
1 Octakedral (Fig 8) 2r 0.5235 0.338
12 Cubic-octakedral (Fig 5) 2.5r 0.373 0.h53

13 n -
” X 0.218 0.667
» " b 0.0922 0.855
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